The mouse jerky gene and its human orthologue, JRK/JH8, encode a putative DNA-binding protein with homology to the CENP-B (centromere-binding protein B). Disruption of the mouse jerky gene by transgene insertion causes generalized recurrent seizures reminiscent of human idiopathic generalized epilepsy. In addition (and similar to a cenp-b null mouse) jerky null mice exhibit postnatal weight loss and reduced fertility. Using fluorescence confocal microscopy, the cellular localization of a JRK-GFP fusion (where GFP stands for green fluorescent protein) was investigated in HeLa cells. JRK-GFP has a dynamic expression pattern in the interphase nucleus, localizing in a small number of punctate nuclear foci and in the nucleolus. The JRK-GFP foci number changes during the cell cycle, but a distinct pattern of three JRK-GFP foci is observed at G 2 . The endogenous protein behaves in a similar manner to the GFP-fusion protein. JRK-GFP was found to co-localize with CREST antigens (which recognize the centromere-binding proteins, CENP-A, -B and -C) through S and G 2 phases of interphase and co-localized completely with a subset of PML nuclear bodies at G 2 . We speculate that JRK protein associates with a specific chromosomal centromeric locus in G 2 , where it associates fully with PML bodies. Research is underway to identify this locus.
Introduction
The mouse jerky gene mutant was identified after disruption of the locus by transgene insertion [1] . Jerky null mice exhibit an epileptic phenotype reminiscent of human idiopathic generalized epilepsy and also show female subfertility, male sterility and postnatal weight loss [2] . The human homologue, JRK, was cloned and mapped to chromosome 8q24.3 [3, 4] . JRK is homologous with CENP-B (centromerebinding protein B). Significantly, the cenp-b null mouse mutant has a phenotype resembling that of the Jerky null mouse mutant, displaying female subfertility, lower testis size and weight loss [5] , which is suggestive of an overlap in their respective protein functions. The JRK protein bears significant homology at its N-terminal portion to the DNAbinding domain of CENP-B (42% similarity) [3] and to the fission yeast Abp1 (ARS-binding protein 1, where ARS stands for autonomously replicating sequence). The Nterminal 168 amino acids of mouse Jerky are necessary and sufficient for mRNA and dsDNA (double-stranded DNA) binding [6] . This binding domain is similar to the two tandemly arranged homeodomain-like helix-turn-helix DNA-binding motifs of CENP-B. CENP-B binds to the 17 bp CENP-B box sequence of α-satellite DNA [7] . It has been reported that the N-terminal portion of Abp1 is essential for binding to the 11 bp ARS consensus sequence [8] . Mouse Jerky has been shown to bind dsDNA, but it is neither Key words: centromere-binding protein B (CENP-B), centromere, jerky, JRK/JH8 gene, PML, small ubiquitin-related modifier protein 1 (SUMO-1). Abbreviations used: ARS, autonomously replicating sequence; CENP-B, centromere-binding protein B; dsDNA, double-stranded DNA; GFP, green fluorescent protein; HA, haemagglutinin; SUMO-1, small ubiquitin-related modifier protein 1. 1 To whom correspondence should be addressed (email t.moore@ucc.ie).
α-satellite DNA nor the ARS consensus sequence [2] . We speculated that JRK binds to a centromeric satellite dsDNA sequence, distinct from CENP-B.
Results
A C-terminal GFP (green fluorescent protein)-tagged human JRK construct (JRK-GFP) was transfected into HeLa cells to investigate its cellular localization. Cells were allowed to recover after transfection and were then synchronized with nocodazole and L-mimosine and studied at various stages of the cell cycle. Fluorescence microscopy revealed that JRK-GFP has a dynamic localization pattern in the interphase nucleus, cycling between nuclear foci and the nucleolus. Furthermore, this localization pattern appears to be related to the cell cycle ( Figure 1B ). At G1, JRK-GFP localizes to many nuclear foci. Nucleolar clustering of JRK-GFP foci is observed throughout S phase and into G 2 phase and a distinct pattern of three JRK-GFP nuclear foci is consistently seen at G 2 phase in most cells. JRK-GFP is not observed at mitosis. Endogenous JRK, detected with JRK affinitypurified antisera, shows a cytoplasmic localization at mitosis. Predominantly, two JRK-GFP nuclear foci were observed when JRK-GFP localization was investigated in the diploid MRC-5 cell line. Thus the three JRK-GFP nuclear foci pattern observed in HeLa cells could be attributed to binding of JRK-GFP to a specific chromosome, which is trisomic in HeLa cells. HeLa cells have been shown to contain several trisomies [9] .
Confocal microscopy determined that JRK-GFP colocalizes with a subset of CREST antigens at the three nuclear foci stage ( Figure 1C ). Chromosome-specific satellite probes, to chromosomes known to be trisomic in HeLa cells, were used in a FISH assay to determine if they co-localized with the three JRK-GFP nuclear foci in HeLa cells. Chromosomes 1, 6, 8, 13, 21 and X show no co-localization with the foci but chromosome 15 does show suggestive co-localization with the three JRK-GFP nuclear foci ( Figure 1D ).
JRK-GFP nuclear foci also co-localize completely with PML nuclear bodies at G 2 phase of the cell cycle (Figure 2C) . RNAi-mediated knockdown of PML demonstrated that JRK-GFP nuclear foci can exist independently of PML nuclear bodies (results not shown).
Many proteins localizing to PML nuclear bodies are sumoylated, therefore immunoprecipitation experiments with HA (haemagglutinin)-tagged SUMO-1 (small ubiquitin-related modifier protein 1) transfected and untransfected HeLa lysate were undertaken (Figure 2A ). Immunoprecipitation was performed with the JRK antisera and the immunoprecipitate was examined for HA-SUMO-1. An immunoreactive band with a molecular mass suggestive of JRK-HA-SUMO-1 complex was observed. HA-SUMO-1 co-localizes with endogenous JRK and JRK-GFP in the nucleolus. Mutation of two C-terminal potential (SUMOplot TM prediction) SUMO-1 modifier sites (Lys-423 and Lys-540), which converted the lysine residues in the SUMO-1 site into asparagine residues by a point mutation, led to a significantly increased number of HeLa cells with the three JRK-GFP nuclear foci pattern (results not shown).
Discussion
JRK-GFP shows a dynamic localization pattern involving cycling between the nucleolus and nuclear foci. Although JRK-GFP was present in the nucleolus through S phase/early G 2 phase, JRK antisera showed nucleolar and nuclear foci localization throughout S and G 2 . There are possibly several isoforms of JRK, so the JRK antisera could be detecting these forms as well as JRK-GFP. Thus it is possible that JRK is constantly moving between these two cellular compartments.
SUMO-1 seems to be involved in the regulation of JRK-GFP localization within the nucleus. Sumoylation has been shown to alter the subcellular localization of RANGAP1 (Ran GTPase-activating protein 1) from the cytoplasm to the nuclear pore complex [10] and also to kinetochores and mitotic spindles during mitosis [11] . Co-immunoprecipitation experiments in the present study imply that endogenous JRK is subject to SUMO-1 modification. JRK (and JRK-GFP) and SUMO-1 are observed to co-localize in the nucleolus, and mutation of the SUMO-1 acceptor sites on JRK-GFP led to a significantly increased percentage of HeLa cells with the three JRK-GFP nuclear foci pattern. This indicates that JRK sumoylation could be important for nucleolar localization.
An intriguing finding was the specific number of JRK-GFP nuclear foci occurring at G 2 . MRC-5 diploid cells showed two JRK-GFP nuclear foci, whereas HeLa cells (known to have numerous trisomies) displayed a three JRK-GFP nuclear foci pattern. The concurrent finding that JRK-GFP co-localized with a subset of CREST antigens at this three nuclear foci stage strongly suggested that JRK-GFP foci could be localizing to a specific chromosomal centromere.
FISH assays with chromosome-specific satellite probes were performed in co-localization experiments with JRK-GFP. A recent finding has shown a suggestive co-localization between JRK-GFP foci and chromosome 15. The genomic region surrounding the centromere 15 has been shown to be more condensed in late S phase and it has been suggested that these DNA segments are compacted into an intranuclear subdomain in the course of preparation for a normal G 2 phase [12] . The mechanism by which JRK-GFP associates with a specific chromosome is unknown. It could be recognizing a satellite sequence, which is either unique or simply more abundant on chromosome 15 or perhaps different JRK isoforms have differing specificities.
The finding that JRK-GFP foci (and a subset of endogenous JRK foci) are coincident with PML bodies at the three JRK-GFP nuclear foci stage adds another level of complexity to the regulation of JRK-GFP. A shortlived association between PML and centromeres at G 2 has been reported [13] . JRK-GFP foci can exist independent of PML bodies, so whether JRK-GFP and PML co-localize independently to the same chromatin region or whether JRK-GFP interacts directly with PML bodies to recruit them to this region remains to be determined.
